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TOUCH CONTROLLER WITH SIGNAL
COMBINING AND SIMULTANEOUS 1/Q
DEMODULATION

BACKGROUND
Field of the Disclosure

Aspects of this disclosure generally relate to sensing of
signals capacitively coupled 1nto a touch sensor and, more
particularly, signal combining for simultancous 1I/Q (in-
phase quadrature) demodulation of capacitively coupled
signals with an unknown phase.

Description of the Related Art

Input devices including proximity sensor devices (also
commonly called touchpads or touch sensor devices) are
widely used 1n a variety of electronic systems. A proximity
sensor device typically includes a sensing region, oiten
demarked by a surface, in which the proximity sensor device
determines the presence, location and/or motion of one or
more mput objects. Proximity sensor devices may be used to
provide interfaces for the electronic system. For example,
proximity sensor devices are often used as imput devices for
larger computing systems (such as opaque touchpads inte-
grated 1n, or peripheral to, notebook or desktop computers).
Proximity sensor devices are also often used 1n smaller
computing systems (such as touch screens integrated in
cellular phones).

Some proximity sensor devices demodulate sensor signals
using single phase demodulation. However, one problem 1s
that for reception of sensor signals having an unknown
phase, single phase demodulation can result in varying
output magnitude and inconsistent magnitude and phase
measurements.

Thus, there 1s a need for an improved input device that
enables sensing of signals with an unknown phase.

SUMMARY

This disclosure generally provides input devices, process-
ing systems, and methods for touch sensing using signal
combining for simultaneous in-phase quadrature (I/Q)
demodulation.

Examples of the present disclosure provide a processing
system for an input device. In one example, a processing
system includes sensor circuitry configured to: acquire a first
signal on a first sensor electrode of the mnput device; and
acquire a second signal on a second sensor of the input
device; signal combiming circuitry configured to: combine
the first signal and the second signal to produce a combined
signal; and a processing module, coupled to the signal
combining circuitry, configured to: demodulate the com-
bined signal to determine an in-phase component of the
combined signal and a quadrature component of the com-
bined signal; and combine the in-phase component and the
quadrature component to determine signal magnitude infor-
mation.

Other examples of the present disclosure provide an input
device. In one example, an mput device includes an 1mput
surface; a first sensor electrode; a second sensor electrode;
and a processing system coupled to the first sensor electrode
and the second sensor electrode, the processing system
configured to: acquire a first signal on a first sensor electrode
of the mput device; acquire a second signal on a second
sensor electrode of the iput device; combine the first signal
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and the second signal to produce a combined signal;
demodulate the combined signal to determine an in-phase
component and a quadrature component of the combined
signal; and combine the in-phase component and the quadra-
ture component to determine signal magnitude information.

Other examples of the present disclosure provide a
method of operating an input device. In one example, a
method includes acquiring a first signal on a first sensor
clectrode of the mput device; acquiring a second signal on
a second sensor electrode of the input device; combining the
first signal and the second signal to produce a combined
signal; demodulating the combined signal to determine an
in-phase component of the combined signal and a quadrature
component ol the combined signal; and combining the
in-phase component and the quadrature component to deter-
mine signal magnitude information.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner 1n which the above recited features of
the present disclosure can be understood in detail, a more
particular description of the disclosure, brietfly summarized
above, may be had by reference to examples, some of which
are 1llustrated 1n the appended drawings. It 1s to be noted,
however, that the appended drawings 1llustrate only typical
examples of this disclosure and are therefore not to be
considered limiting of 1ts scope, for the disclosure may
admit to other equally eflective examples.

FIG. 1 1s a block diagram of an exemplary 1mput device.

FIGS. 2A-2B 1illustrate portions of exemplary patterns of
sensing elements.

FIG. 3 15 a block diagram depicting an exemplary signal
path with single phase demodulation.

FIG. 4 illustrates three exemplary graphs depicting signal
sampling and corresponding demodulator outputs with
single phase demodulation of a signal with unknown phase.

FIG. 5 illustrates three exemplary graphs depicting signal
sampling and corresponding demodulator outputs with 1/Q)
demodulation of a signal.

FIG. 6 1s a block diagram depicting a signal path with
in-phase quadrature (I/QQ) demodulation.

FIG. 7 1s a flow diagram 1llustrating example operations
for touch sensing using signal combining for simultaneous
I/QQ demodulation.

FIG. 8 1s a block diagram depicting an example signal
path with two sensor electrode signals combining and 1/Q)
demodulation.

FIG. 9 1s a timing diagram depicting example timing of
in-phase and quadrature measurement bursts for time serial
I/QQ demodulation.

To facilitate understanding, 1dentical reference numerals
have been used, where possible, to designate i1dentical
clements that are common to the figures. It 1s contemplated
that elements disclosed 1n one example may be beneficially
utilized on other examples without specific recitation. The
drawings referred to here should not be understood as being
drawn to scale unless specifically noted. Also, the drawings
are olten simplified and details or components omitted for
clanity of presentation and explanation. The drawings and
discussion serve to explain principles discussed below,
where like designations denote like elements.

DETAILED DESCRIPTION

The following detailed description 1s merely exemplary in
nature and 1s not intended to limit the disclosure or its

application and uses. Furthermore, there 1s no intention to be
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bound by any expressed or implied theory presented in the
preceding technical field, background, brief summary or the
following detailed description.

Various examples of the present disclosure provide input
devices, processing systems and methods for signal com-
bining for simultaneous 1n-phase quadrature (I/QQ) demodu-
lation, for example, of signals having unknown phase. As
utilized herein, capacitive sensing 1s described as a touch
sensing technique utilizing information received {rom
capacitive sensor electrodes at least some of which may be
combination electrodes, while force sensing 1s described as
utilizing information received from force sensor electrodes
to determine force that an input object exerts against the
iput device.

Some 1nput devices may be configured for touch sensing.
Touch sensing may be performed by driving one or multiple
sensor electrodes of the input device with a modulating
signal and receiving resulting signals having eflects indicat-
ing changes in capacitance of the sensor electrodes. The
changes in capacitance can be used to determine a position
of an mput object. Typically, touch controllers demodulate
the signal(s) from the sensor electrodes using single phase
demodulation. Single phase demodulation may be accept-
able for touch signal processing 1n the case that the signal
phase 1s known, for example, when the transmitter wave-
form (e.g., the modulated driving signal) and the receiver
wavelorm (e.g., the resulting signals) are synchronized in
time.

However, in some cases, the signal phase may not be
known. For example, imn active pen data reception, pen
position estimation, or interference (e.g., noise) measure-
ments the signal phase may be unknown. In this case, single
phase demodulation can result 1n varying output magnmitude
and inconsistent magnitude and phase measurements.

In addition, 1n some cases full spatial resolution may be
desired, while 1n other cases only partial spatial resolution
may be suilicient. For example, for touch sensing and/or or
pen position estimation, full spatial can be used, while for
active pen data reception partial spatial resolution may be
desired.

Examples of the present disclosure provide techniques
and apparatus for simultancous demodulation of two
orthogonal waveforms. Examples also provide for signal
combining or time serial demodulation 1n order to keep the
number of receivers the same as for single phase demodu-
lation.

FIG. 1 1s a block diagram of an exemplary mput device
100, in accordance with examples of the disclosure. The
input device 100 may be configured to provide input to an
clectronic system (not shown). As used in this document, the
term “‘electronic system” (or “electronic device”) broadly
refers to any system capable of electronically processing
information. Some non-limiting examples of electronic sys-
tems include personal computers of all sizes and shapes,
such as desktop computers, laptop computers, netbook com-
puters, tablets, web browsers, e-book readers, and personal
digital assistants (PDAs). Additional example electronic
systems include composite input devices, such as physical
keyboards that include mput device 100 and separate joy-
sticks or key switches. Further example electronic systems
include peripherals such as data mput devices (including
remote controls and mice), and data output devices (anclud-
ing display screens and printers). Other examples include
remote terminals, kiosks, and video game machines (e.g.,
video game consoles, portable gaming devices, and the like).
Other examples include communication devices (including
cellular phones, such as smart phones), and media devices
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(1including recorders, editors, and players such as televisions,
set-top boxes, music players, digital photo frames, and
digital cameras). Additionally, the electronic system could
be a host or a slave to the input device.

The mput device 100 can be implemented as a physical
part of the electronic system, or can be physically separate
from the electronic system. As appropriate, the imput device
100 may communicate with parts of the electronic system
using any one or more of the following: buses, networks, and
other wired or wireless interconnections. Examples include
I°C, SPI, PS/2, Universal Serial Bus (USB), Bluetooth, RF,
and IRDA.

In FIG. 1, the mput device 100 1s shown as a proximity
sensor device (also often referred to as a “touchpad” or a
“touch sensor device”) configured to sense input provided
by one or more input objects 140 1n a sensing region 120.
Example input objects include fingers and styli, as shown 1n
FIG. 1.

Sensing region 120 encompasses any space above,
around, in and/or near the mput device 100 1n which the
input device 100 1s able to detect user mput (e.g., user iput
provided by one or more mput objects 140). The sizes,
shapes, and locations of particular sensing regions may vary
widely from embodiment to embodiment. In some embodi-
ments, the sensing region 120 extends from a surface of the
input device 100 1n one or more directions 1nto space until
signal-to-noise ratios prevent suiliciently accurate object
detection. The distance to which this sensing region 120
extends 1n a particular direction, in various embodiments,
may be on the order of less than a millimeter, millimeters,
centimeters, or more, and may vary significantly with the
type of sensing technology used and the accuracy desired.
Thus, some embodiments sense input that comprises no
contact with any surfaces of the mput device 100, contact
with an mput surface (e.g. a touch surface) of the input
device 100, contact with an input surface of the mput device
100 coupled with some amount of applied force or pressure,
and/or a combination thereof. In various embodiments, input
surfaces may be provided by surfaces of casings within
which the sensor electrodes reside, by face sheets applied
over the sensor electrodes or any casings, etc. In some
embodiments, the sensing region 120 has a rectangular
shape when projected onto an mput surface of the input
device 100.

The input device 100 may utilize any combination of
sensor components and sensing technologies to detect user
mput 1n the sensing region 120. The mput device 100
comprises one or more sensing elements for detecting user
input. As several non-limiting examples, the mput device
100 may use capacitive, elastive, resistive, inductive, mag-
netic, acoustic, ultrasonic, and/or optical techniques.

Some 1implementations are configured to provide 1mages
that span one, two, three, or higher dimensional spaces.
Some 1implementations are configured to provide projections
ol input along particular axes or planes.

In some capacitive implementations of the mput device
100, voltage or current 1s applied to create an electric field.
Nearby 1nput objects cause changes in the electric field, and
produce detectable changes 1n capacitive coupling that may
be detected as changes 1n voltage, current, or the like.

Some capacitive implementations utilize arrays or other
regular or 1rregular patterns of capacitive sensing elements
to create electric fields. In some capacitive implementations,
separate sensing clements may be ohmically shorted
together to form larger sensor electrodes. Some capacitive
implementations utilize resistive sheets, which may be uni-
formly resistive.



US 10,353,518 B2

S

Some capacitive implementations utilize “self capaci-
tance” (or “absolute capacitance”) sensing methods based on
changes 1n the capacitive coupling between sensor elec-
trodes and an input object. In various embodiments, an input
object near the sensor electrodes alters the electric field near
the sensor electrodes, thus changing the measured capacitive
coupling. In one implementation, an absolute capacitance
sensing method operates by modulating sensor electrodes
with respect to a reference voltage (e.g. system ground), and
by detecting the capacitive coupling between the sensor
clectrodes and input objects.

Some capacitive implementations utilize “mutual capaci-
tance” (or “transcapacitance”) sensing methods based on
changes 1n the capacitive coupling between sensor elec-
trodes. In various embodiments, an input object near the
sensor electrodes alters the electric field between the sensor
clectrodes, thus changing the measured capacitive coupling.
In one implementation, a transcapacitive sensing method
operates by detecting the capacitive coupling between one or
more transmitter sensor electrodes (also “transmitter elec-
trodes” or “transmitters”) and one or more receiver sensor
clectrodes (also “receiver electrodes” or “receivers™). Trans-
mitter sensor electrodes may be modulated relative to a
reference voltage (e.g., system ground) to transmit transmit-
ter signals. Receiver sensor electrodes may be held substan-
tially constant relative to the reference voltage to facilitate
receipt of resulting signals. A resulting signal may comprise
ellect(s) corresponding to one or more transmitter signals,
and/or to one or more sources of environmental interference
(e.g. other electromagnetic signals). Sensor electrodes may
be dedicated transmitters or receivers, or may be configured
to both transmit and receive.

In FIG. 1, a processing system 110 1s shown as part of the
input device 100. The processing system 110 1s configured
to operate the hardware of the mput device 100 to detect
input 1n the sensing region 120. The processing system 110
comprises parts of or all of one or more 1ntegrated circuits
(ICs) and/or other circuitry components. For example, a
processing system for a mutual capacitance sensor device
may comprise transmitter circuitry configured to transmit
signals with transmitter sensor electrodes, and/or receiver
circuitry configured to receive signals with receiver sensor
clectrodes). In some embodiments, the processing system
110 also comprises electronically-readable 1nstructions,
such as firmware code, software code, and/or the like. In
some embodiments, components composing the processing
system 110 are located together, such as near sensing ele-
ment(s) of the mput device 100. In other embodiments,
components of processing system 110 are physically sepa-
rate with one or more components close to sensing
clement(s) ol input device 100, and one or more components
clsewhere. For example, the input device 100 may be a
peripheral coupled to a desktop computer, and the process-
ing system 110 may comprise soitware configured to run on
a central processing unit of the desktop computer and one or
more ICs (perhaps with associated firmware) separate from
the central processing unit. As another example, the input
device 100 may be physically integrated in a phone, and the
processing system 110 may comprise circuits and firmware
that are part of a main processor ol the phone. In some
embodiments, the processing system 110 1s dedicated to
implementing the mput device 100. In other embodiments,
the processing system 110 also performs other functions,
such as operating display screens, driving haptic actuators,
etc.

The processing system 110 may be implemented as a set
of modules that handle different functions of the processing
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system 110. Each module may comprise circuitry that 1s a
part of the processing system 110, firmware, soitware, or a
combination thereof. In wvarious embodiments, different
combinations of modules may be used. Example modules
include hardware operation modules for operating hardware
such as sensor electrodes and display screens, data process-
ing modules for processing data such as sensor signals and
positional information, and reporting modules for reporting
information. Further example modules include sensor opera-
tion modules configured to operate sensing element(s) to
detect input, identification modules configured to identily
gestures such as mode changing gestures, and mode chang-
ing modules for changing operation modes.

In some embodiments, the processing system 110
responds to user mput (or lack of user input) 1n the sensing
region 120 directly by causing one or more actions. Example
actions include changing operation modes, as well as GUI
actions such as cursor movement, selection, menu naviga-
tion, and other functions. In some embodiments, the pro-
cessing system 110 provides information about the input (or
lack of 1mput) to some part of the electronic system (e.g. to
a central processing system of the electronic system that 1s
separate from the processing system 110, 11 such a separate
central processing system exists). In some embodiments,
some part of the electronic system processes information
received from the processing system 110 to act on user input,
such as to facilitate a full range of actions, including mode
changing actions and GUI actions.

For example, 1n some embodiments, the processing sys-
tem 110 operates the sensing element(s) of the mput device
100 to produce electrical signals indicative of input (or lack
of 1input) 1n the sensing region 120. The processing system
110 may perform any appropriate amount of processing on
the electrical signals 1n producing the information provided
to the electronic system. For example, the processing system
110 may digitize analog electrical signals obtained from the
sensor electrodes. As another example, the processing sys-
tem 110 may perform filtering or other signal conditioning.
As yet another example, the processing system 110 may
subtract or otherwise account for a baseline, such that the
information retlects a difference between the electrical sig-
nals and the baseline. As vet further examples, the process-
ing system 110 may determine positional information, rec-
ognize mputs as commands, recognize handwriting, and the
like.

“Positional information™ as used herein broadly encom-
passes absolute position, relative position, velocity, accel-
cration, and other types of spatial information. Exemplary
“zero-dimensional” positional information includes near/far
or contact/no contact information. Exemplary “one-dimen-
sional” positional information includes positions along an
axis. Exemplary “two-dimensional” positional information
includes motions 1n a plane. Exemplary “three-dimensional”
positional information includes instantaneous or average
velocities 1n space. Further examples include other repre-
sentations of spatial information. Historical data regarding
one or more types of positional information may also be
determined and/or stored, including, for example, historical
data that tracks position, motion, or instantancous velocity
over time.

In some embodiments, the mput device 100 1s 1mple-
mented with additional mnput components that are operated
by the processing system 110 or by some other processing
system. These additional mput components may provide
redundant functionality for input in the sensing region 120,
or some other functionality. FIG. 1 shows buttons 130 near
the sensing region 120 that can be used to facilitate selection
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of 1tems using the put device 100. Other types of addi-
tional 1nput components include sliders, balls, wheels,
switches, and the like. Conversely, 1n some embodiments,
the mput device 100 may be implemented with no other
input components.

In some embodiments, the mput device 100 comprises a
touch screen interface, and the sensing region 120 overlaps
at least part of an active area ol a display screen. For
example, the mput device 100 may comprise substantially
transparent sensor electrodes overlaying the display screen
and provide a touch screen interface for the associated
clectronic system. The display screen may be any type of
dynamic display capable of displaying a visual interface to
a user, and may include any type of light emitting diode
(LED), organic LED (OLED), cathode ray tube (CRT),
liquid crystal display (LCD), plasma, electroluminescence
(EL), or other display technology. The mput device 100 and
the display screen may share physical elements. For
example, some embodiments may utilize some of the same
clectrical components for displaying and sensing (e.g., an
Active Matrix (e.g., a rectangular array) of Thin Film a-51
transistors for AMOLED and AMLCD, etc.). As another
example, the display screen of the display 180 may be
operated in part or in total by the processing system 110.

In various embodiments, the mput device 100 may com-
prise one or more sensor electrodes configured for both
display updating and input sensing. For example, at least one
sensor electrodes that are used for input sensing may com-
prise one or more display electrodes of the display device
that are used in updating the display. Further, the display
clectrode may comprise one or more of segments ol a Vcom
clectrode (common electrodes), source drive lines (elec-
trodes), gate line (electrodes), an anode sub-pixel electrode
or cathode pixel electrode, or any other display element.
These display electrodes may be disposed on an appropriate
display screen substrate. For example, the display electrodes
may be disposed on a transparent substrate (a glass substrate,
TFT glass, or any other transparent material) 1n some display

screens (e.g., In Plane Switching (IPS), Fringe Field Switch-
ing (FFS) or Plane to Line Switching (PLS) Organic Light

Emitting Diode (OLED)), on the bottom of the color filter
glass of some display screens (e.g., Patterned Vertical Align-
ment (PVA) Multi-domain Vertical Alignment (MVA), 1IPS
and FFS), over an cathode layer (OLED), etc. In such
embodiments, the display electrode can also be referred to as
a “combination electrode”, since 1t performs multiple func-
tions. In various embodiments, each of the sensor electrodes
comprises one or more display electrodes associated with a
pixel or sub pixel. In other embodiments, at least two sensor
clectrodes may share at least one display electrode associ-
ated with a pixel or sub-pixel.

In various embodiments, a first sensor electrode com-
prises one or more display electrodes configured for display
updating and capacitive sensing and a second sensor elec-
trode may be configured for capacitive sensing and not for
display updating. The second sensor electrode may be
disposed between substrates of the display device or external
from the display device. In some embodiments, all of the
sensor ¢lectrodes may comprise one or more display elec-
trodes configured for display updating and capacitive sens-
ing.

Processing system 110 may be configured to perform
input sensing and display updating during at least partially
overlapping periods. For example, a processing system 110
may simultaneously drive a first display electrode for both
display updating and input sensing. In another example,
processing system 110 may simultaneously drive a first
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display electrode for display updating and a second display
clectrode for mput sensing. In some embodiments, process-
ing system 110 in configured to perform input sensing and
display updating during non-overlapping periods. The non-
overlapping periods may be referred to as non-display
update periods. The non-display update periods may occur
between display line update periods of common display
frame and be at least as long as a display line update period.
Further, the non-display update periods may occur between
display line update periods of a common display frame and
be one of longer than or shorter than a display line update
period. In some embodiments, the non-display update peri-
ods may occur at the beginning of a display frame and/or
between display frames. Processing system 110 may be
configured to drive one or more of the sensor electrodes
and/or the display electrodes with a shield signal. The shield
signal may comprise one ol a constant voltage signal or a
varying voltage signal (guard signal). Further, one or more
of the sensor electrodes and/or display electrodes may be
clectrically floated.

It should be understood that while many embodiments of
the mvention are described in the context of a fully func-
tioning apparatus, the mechanisms of the present invention
are capable of being distributed as a program product (e.g.,
soltware) 1in a variety of forms. For example, the mecha-
nisms of the present invention may be implemented and
distributed as a software program on information bearing
media that are readable by electronic processors (e.g., non-
transitory computer-readable and/or recordable/writable
information bearing media readable by the processing sys-
tem 110). Additionally, the embodiments of the present
invention apply equally regardless of the particular type of
medium used to carry out the distribution. Examples of
non-transitory, electronically readable media include vari-
ous discs, memory sticks, memory cards, memory modules,
and the like. Electronically readable media may be based on
flash, optical, magnetic, holographic, or any other storage
technology.

FIG. 2A illustrates a portion of an exemplary pattern of
sensing e¢lements according to some embodiments. For
clanity of illustration and description, FIG. 2A shows the
sensing elements 1n a pattern of simple rectangles and does
not show various components, such as various interconnects
between the sensing elements and the processing system
110. An electrode pattern 250A comprises a first plurality of
sensor electrodes 260 (260-1, 260-2, 260-3, . . . 260-»), and
a second plurality of sensor electrodes 270 (270-1, 270-2,
270-3, ... 270-m) disposed over the first plurality of sensor
clectrodes 260. In the example shown, n=m=4, but 1n
general n and m are each positive mtegers and not neces-
sarily equal to each other. In various embodiments, the first
plurality of sensor electrodes 260 are operated as a plurality
of transmitter electrodes (referred to specifically as “trans-
mitter electrodes 2607), and the second plurality of sensor
clectrodes 270 are operated as a plurality of receiver elec-
trodes (referred to specifically as “receiver electrodes 2707).
In another embodiment, one plurality of sensor electrodes
may be configured to transmit and receive and the other
plurality of sensor electrodes may also be configured to
transmit and receive. In yet another embodiment, the pro-
cessing system 110 recerves resulting signals with one or
more sensor electrodes of the first and/or second plurality of
sensor electrodes while the one or more sensor electrodes
are modulated with absolute capacitive sensing signals. The
first plurality of sensor electrodes 260, the second plurality
of sensor electrodes 270, or both can be disposed within the
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sensing region 120. The electrode pattern 250A can be
coupled to the processing system 110.

The first plurality of sensor electrodes 260 and the second
plurality of sensor electrodes 270 are typically ohmically
1solated from each other. That 1s, one or more insulators
separate the first plurality of sensor electrodes 260 and the
second plurality of sensor electrodes 270 and prevent them
from electrically shorting to each other. In some embodi-
ments, the first plurality of sensor electrodes 260 and the
second plurality of sensor electrodes 270 are separated by
insulative material disposed between them at cross-over
areas; 1n such constructions, the first plurality of sensor
clectrodes 260 and/or the second plurality of sensor elec-
trodes 270 can be formed with jumpers connecting diflerent
portions of the same electrode. In some embodiments, the
first plurality of sensor electrodes 260 and the second
plurality of sensor electrodes 270 are separated by one or
more layers of insulative material. In such embodiments, the
first plurality of sensor electrodes 260 and the second
plurality of sensor electrodes 270 can be disposed on sepa-
rate layers of a common substrate. In some other embodi-
ments, the first plurality of sensor electrodes 260 and the
second plurality of sensor electrodes 270 are separated by
one or more substrates; for example, the first plurality of
sensor electrodes 260 and the second plurality of sensor

clectrodes 270 can be disposed on opposite sides of the same
substrate, or on different substrates that are laminated
together. In some embodiments, the first plurality of sensor
clectrodes 260 and the second plurality of sensor electrodes
270 can be disposed on the same side of a single substrate.

The areas of localized capacitive coupling between the
first plurality of sensor electrodes 260 and the second
plurality sensor electrodes 270 may be form *“capacitive
pixels” of a “capacitive 1mage.” The capacitive coupling
between the first plurality of sensor electrodes 260 and the
second plurality of sensor electrodes 270 changes with the
proximity and motion of mput objects in the sensing region
120. Further, in various embodiments, the localized capaci-
tive coupling between each of the first plurality of sensor
clectrodes 260 and the second plurality of sensor electrodes
270 and an mnput object may be termed “capacitive pixels”
ol a “capacitive image.” In some embodiments, the localized
capacitive coupling between each of the first plurality of
sensor electrodes 260 and the second plurality of sensor
clectrodes 270 and an mnput object may be termed “capaci-
tive measurements” ol “capacitive profiles.”

The processing system 110 can include a sensor module
202 having sensor circuitry 204. The sensor circuitry 204
operates the electrode pattern 250A to receive resulting
signals from sensor electrodes in the electrode pattern using
a capacitive sensing signal having a sensing frequency. For
example, the sensor circuitry 204 can include analog front
end(s) (AFEs) 208 that receive the signals coupled onto the
sensor electrodes. The signals may include desired signals,
such as active pen data, or undesired signals, such as noise
or interterence. As will be described 1n greater detail below,
the AFEs 208 perform single wavelform demodulation,
simultaneous multiple waveform in-phase quadrature (1/Q)
demodulation, or time serial I/QQ demodulation of the
received signals. In this case, the processing system 110 may
use orthogonal demodulation waveforms. As shown 1n FIG.
2A, the sensor circuitry 204 may include signal combining
circuitry 206. According to certain examples, the signal
combining circuitry 206 may be configured to perform
signal blending and 1ntegration of resulting signals from the

sensor electrodes for 1/QQ demodulation at the AFE(s) 208.
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The processing system 110 can include a processing
module 220 configured to determine signal magnitude mea-
surements from the received signals. The processing module
220 can include processor circuitry 212, such as a digital
signal processor (DSP), microprocessor, or the like. The
processing module 220 can include soiftware and/or firm-
ware configured for execution by the processor circuitry 212
to implement the functions described herein. Alternatively,
some or all of the functions of the processing module 220
can be implemented entirely 1n hardware (e.g., using inte-
grated circuitry). The processing module 220 can track
changes 1n capacitive measurements to detect input object(s)
in the sensing region 120. The processing system 110 can
include other modular configurations, and the functions
performed by the sensor module 202 and the processing
module 220 can, in general, be performed by one or more
modules or circuits in the processing system 110. The
processing system 110 can include other modules and cir-
cuits, and can perform other functions as described in some
embodiments below. The processing system 110 can include
output generator(s) 214 that couple modulated signals to the
sensors electrodes. The processing system 110 can 1nclude a
determination module 216. As will be described 1n more
detail below, the determination module 216 may be config-
ured to determine whether or not the signal combiming
circuity 206 will perform signal combining and to determine
whether the processing module 220 performs single wave-
form demodulation, 1n-phase quadrature (I/QQ) demodula-
tion, or time-serial I/Q demodulation. For example, the
determinations may be based on whether the signal phase 1s
known or unknown and whether full or partial spatial
resolution 1s desired.

The processing system 110 can operate 1n absolute capaci-
tive sensing mode or transcapacitive sensing mode. In
absolute capacitive sensing mode, receiver(s) i the sensor
circuitry 204 measure voltage, current, or charge on sensor
clectrode(s) 1n the electrode pattern 250A while the sensor
clectrode(s) are modulated with absolute capacitive sensing
signals to generate the resulting signals. The processing
module 220 generates absolute capacitive measurements
from the resulting signals. The processing module 220 can
track changes in absolute capacitive measurements to detect
input object(s) in the sensing region 120.

In transcapacitive sensing mode, transmitter(s) in the
sensor circuitry 204 drive one or more of the first plurality
of sensor electrodes 260 with the capacitive sensing signal
(also referred to as a transmitter signal or modulated signal
in the transcapacitive sensing mode). Receiver(s) in the
sensor circuitry 204 measure voltage, current, or charge on
one or more of the second plurality of sensor electrodes 270
to generate the resulting signals. The resulting signals com-
prise the eflects of the capacitive sensing signal and input
object(s) 1n the sensing region 120. The processing module
220 generates transcapacitive measurements from the result-
ing signals. The processing module 220 can track changes 1n
transcapacitive measurements to detect input object(s) in the
sensing region 120.

In some embodiments, the processing system 110 “scans”
the electrode pattern 250A to determine capacitive measure-
ments. In the transcapacitive sensing mode, the processing
system 110 can drive the first plurality of sensor electrodes
260 to transmit transmitter signal(s). The processing system
110 can operate the first plurality of sensor electrodes 260
such that one transmitter electrode transmits at one time, or
multiple transmitter electrodes transmit at the same time.
Where multiple transmitter electrodes transmit simultane-
ously, these multiple transmitter electrodes may transmait the
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same transmitter signal and eflfectively produce a larger
transmitter electrode, or these multiple transmitter elec-
trodes may transmit different transmitter signals. For
example, multiple transmitter electrodes may transmit dii-
ferent transmitter signals according to one or more coding °
schemes that enable their combined eflects on the resulting
signals of the second plurality of sensor electrodes 270 to be
independently determined. In the absolute capacitive sens-
ing mode, the processing system 110 can recerve resulting
signals from one sensor electrode 260, 270 at a time, or {from
a plurality of sensor electrodes 260, 270 at a time. In either
mode, the processing system 110 can operate the second
plurality of sensor electrodes 270 singly or collectively to
acquire resulting signals. In absolute capacitive sensing
mode, the processing system 110 can concurrently drive all
clectrodes along one or more axes. In some examples, the
processing system 110 can drive electrodes along one axis
(e.g., along the first plurality of sensor electrodes 260) while
clectrodes along another axis are driven with a shield signal, »g
guard signal, or the like. In some examples, some electrodes
along one axis and some electrodes along the other axis can

be driven concurrently.

In the transcapacitive sensing mode, the processing sys-
tem 110 can use the resulting signals to determine capacitive 25
measurements at the capacitive pixels. A set of measure-
ments from the capacitive pixels form a “capacitive image”™
(also “capacitive frame”) representative of the capacitive
measurements at the pixels. The processing system 110 can
acquire multiple capacitive images over multiple time peri- 30
ods, and can determine differences between capacitive
images to derive information about mput in the sensing
region 120. For example, the processing system 110 can use
successive capacitive images acquired over successive peri-
ods of time to track the motion(s) of one or more mput 35
objects entering, exiting, and within the sensing region 120.

In absolute capacitive sensing mode, the processing sys-
tem 110 can use the resulting signals to determine capacitive

measurements along an axis of the sensor electrodes 260
and/or an axis of the sensor electrodes 270. A set of such 40
measurements forms a “capacitive profile” representative of
the capacitive measurements along the axis. The processing
system 110 can acquire multiple capacitive profiles along
one or both of the axes over multiple time periods and can
determine differences between capacitive profiles to dertve 45
information about input in the sensing region 120. For
example, the processing system 110 can use successive
capacitive profiles acquired over successive periods of time

to track location or proximity of input objects within the
sensing region 120. In other embodiments, each sensor can 50
be a capacitive pixel of a capacitive image and the absolute
capacitive sensing mode can be used to generate capacitive
image(s) 1 addition to or in place of capacitive profiles.

The baseline capacitance of the input device 100 1s the
capacitive 1mage or capacitive profile associated with no 55
input object 1n the sensing region 120. The baseline capaci-
tance changes with the environment and operating condi-
tions, and the processing system 110 can estimate the
baseline capacitance in various ways. For example, 1n some
embodiments, the processing system 110 takes “baseline 60
images’ or “baseline profiles” when no iput object is
determined to be 1n the sensing region 120, and uses those
baseline 1mages or baseline profiles as estimates of baseline
capacitances. The processing module 220 can account for
the baseline capacitance 1n the capacitive measurements and 65
thus the capacitive measurements can be referred to as “delta
capacitive measurements”. Thus, the term *“capacitive mea-
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surements” as used herein encompasses delta-measurements
with respect to a determined baseline.

In some touch screen embodiments, at least one of the first
plurality of sensor electrodes 260 and the second plurality of
sensor electrodes 270 comprise one or more display elec-
trodes of a display device 280 used 1n updating a display of
a display screen, such as one or more segments of a “Vcom”™
clectrode (common electrodes), gate electrodes, source elec-
trodes, anode electrode and/or cathode electrode. These
display electrodes may be disposed on an appropriate dis-
play screen substrate. For example, the display electrodes
may be disposed on a transparent substrate (a glass substrate,
TFT glass, or any other transparent material ) in some display
screens (e.g., In Plane Switching (IPS) or Plane to Line
Switching (PLS) Organic Light Emitting Diode (OLED)),
on the bottom of the color filter glass of some display
screens (e.g., Patterned Vertical Alignment (PVA) or Multi-
domain Vertical Alignment (MVA)), over an emissive layer
(OLED), etc. The display electrodes can also be referred to
as “combination electrodes,” since the display electrodes
perform functions of display updating and capacitive sens-
ing. In various embodiments, each sensor electrode of the
first and second plurality of sensor electrodes 260 and 270
comprises one or more combination electrodes. In other
embodiments, at least two sensor electrodes of the first
plurality of sensor electrodes 260 or at least two sensor
clectrodes of the second plurality of sensor electrodes 270
may share at least one combination electrode. Furthermore,
in one embodiment, both the first plurality of sensor elec-
trodes 260 and the second plurality sensor electrodes 270 are
disposed within a display stack on the display screen sub-
strate. Additionally, at least one of the sensor electrodes 260,
270 1n the display stack may comprise a combination
clectrode. However, 1in other embodiments, only the first
plurality of sensor electrodes 260 or the second plurality of
sensor electrodes 270 (but not both) are disposed within the
display stack, while other sensor electrodes are outside of
the display stack (e.g., disposed on an opposite side of a
color filter glass).

In an embodiment, the processing system 110 comprises
a single integrated controller, such as an application specific
integrated circuit (ASIC), having the sensor module 22, the
processing module 220, and any other module(s) and/or
circuit(s). In another embodiment, the processing system
110 can include a plurality of integrated circuits, where the
sensor module 202, the processing module 220, and any
other module(s) and/or circuit(s) can be divided among the
integrated circuits. For example, the sensor module 202 can
be on one integrated circuit, and the processing module 220
and any other module(s) and/circuit(s) can be one or more
other integrated circuits. In some embodiments, a {irst
portion of the sensor module 202 can be on one 1ntegrated
circuit and a second portion of the sensor module 202 can be
on second integrated circuit. In such embodiments, at least
one of the first and second integrated circuits comprises at
least portions of other modules such as a display dniver
module and/or a display driver module.

FIG. 2B 1illustrates a portion of another exemplary pattern
of sensing elements according to some embodiments. For
clanity of illustration and description, FIG. 2B presents the
sensing elements 1n a matrix of rectangles and does not show
various components, such as various interconnects between
the processing system 110 and the sensing elements. An
clectrode pattern 250B comprises a plurality of sensor
clectrodes 210 disposed in a rectangular matrix (e.g., a
rectangular array). The electrode pattern 2508 comprises
sensor electrodes 210, . (referred to collectively as sensor
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clectrodes 210) arranged 1n J rows and K columns, where J
and K are positive integers, although one of J and K may be
zero. It 1s contemplated that the electrode pattern 2508 may
comprise other patterns of the sensor electrodes 210, such as
polar arrays, repeating patterns, non-repeating patterns, non-
uniform arrays, a single row or column, or other suitable
arrangement. Further, the sensor electrodes 210 may be any
shape, such as circular, rectangular, diamond, star, square,
nonconvex, convex, nonconcave, concave, etc. Further, the
sensor electrodes 210 may be sub-divided into a plurality of
distinct sub-electrodes. The electrode pattern 250 1s coupled
to the processing system 110.

The sensor electrodes 210 are typically ohmically 1solated
from one another. Additionally, where a sensor electrode 210
includes multiple sub-electrodes, the sub-electrodes may be
ohmically 1solated from each other. Furthermore, in one
embodiment, the sensor electrodes 210 may be ohmically
1solated from a grid electrode 218 that 1s between the sensor
clectrodes 210. In one example, the grid electrode 218 may
surround one or more of the sensor electrodes 210, which are
disposed in windows 216 of the grid electrode 218. In some
embodiments, the electrode pattern 250B can include more
than one grid electrode 218. In some embodiments, the grid
clectrode 218 can have one or more segments. The gnd
clectrode 218 may be used as a shield or to carry a guarding
signal for use when performing capacitive sensing with the
sensor electrodes 210. Alternatively or additionally, the grid
clectrode 218 may be used as sensor electrode when per-
forming capacitive sensing. Furthermore, the grid electrode
218 may be co-planar with the sensor electrodes 210, but
this 1s not a requirement. For instance, the grid electrode 218
may be located on a diflerent substrate or on a different side
of the same substrate as the sensor electrodes 210. The gnid
clectrode 218 1s optional and in some embodiments, the grid
clectrode 218 1s not present.

In a first mode of operation, the processing system 110
can use at least one sensor electrode 210 to detect the
presence of an mput object via absolute capacitive sensing.
The sensor circuitry 204 can measure voltage, charge, or
current on sensor electrode(s) 210 to obtain resulting signals
indicative of a capacitance between the sensor electrode(s)
210 and an 1nput object. The processing module 220 uses the
resulting signals to determine absolute capacitive measure-
ments. When the electrode pattern 250B, the absolute
capacitive measurements can be used to form capacitive
1mages.

In a second mode of operation, the processing system 110
can use groups ol the sensor electrodes 210 to detect
presence ol an mput object via transcapacitive sensing. The
sensor circuitry 204 can drive at least one of the sensor
clectrodes 210 with a transmitter signal, and can receive a
resulting signal from at least one other of the sensor elec-
trodes 210. In some examples, as described in greater detail
below, the sensor circuitry 204 may drive the sensor elec-
trodes 210 with orthogonal signals for I/QQ demodulation.
The processing module 220 uses the resulting signals to
determine transcapacitive measurements and form capaci-
tive 1mages.

The mput device 100 may be configured to operate in any
one of the modes described above. The input device 100 may
also be configured to switch between any two or more of the
modes described above. The processing system 110 can be
configured as described above with respect to FIG. 2A.

As described above, the mput device 100 may be config-
ured for touch sensing. The touch sensing may be performed
by the sensor circuitry 204 driving one or more of the sensor
clectrodes 210 of the input device 100 with a modulating
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signal and receiving resulting signals having efiects indicat-
ing changes in capacitance of the sensor electrodes. The
processing module 220 can determine the position of the
input object 140 based on the measured changes 1n capaci-
tance. Typically, touch controllers, for example AFE(s) 208
of sensor circuitry 204, demodulate the signal(s) from the
sensor electrodes 210 using single phase demodulation.
Single phase demodulation may be acceptable for touch
signal processing because the signal phase 1s known since
the transmitter wavetform (e.g., the modulated driving sig-
nal) and the receiver wavetform (e.g., the resulting signals)
are synchronized in time. Further, touch signal processing
may use full spatial resolution. Therefore, signal combining
may not be used for touch signal processing.

FIG. 3 1s a block diagram depicting an exemplary signal
path of a receiver with single phase demodulation. The
signal path shown i1n FIG. 3 may be implemented 1n the

AFE(s) 208 of the processing system 110. As shown 1n FIG.

3, the signal 301 (e.g., a resulting signal received from a
sensor electrode 210 or 270) may pass through a charge
integrator 302. The charge integrator 302 may output the
charge accumulated from the resulting signal 301 over time.
The signal 301 may be mput to a demodulation block 304
and demodulated down from 1ts carrier frequency using a
single signal demodulation waveform 303. The demodula-
tion block 304 may provide an output waveform 307 to a
low pass filter 306 and a sample and hold (S/H) circuit 308.
The signal may then be processed by an analog-to-digital
converter (ADC) 310.

When used for touch sensing, the sampling (e.g., at the
S/H circuit 308) and demodulation timing may be aligned
with known transmitter timing (e.g., the timing of the
modulating signals used by the sensor circuitry 204 to drive
the sensor electrodes 210 or 260 for touch sensing). This
timing alignment may allow consistent measurement of
incoming signal (e.g., the resulting signals) magnitude.

However, in some cases, the signal phase may not be
known. For example, 1n active pen data reception or inter-
ference measurements the signal phase may be unknown.
The measurement output magnitude varies depending on

relative phase of the incoming signal and the sampling and
demodulation timing at the receiver (e.g., the AFE(s) 208).
In this case, single phase demodulation can result 1n varying
output magnitude and inconsistent magnitude and phase
measurements, for example, as illustrated 1n FIG. 4.

FIG. 4 illustrates three exemplary graphs depicting signal
sampling and corresponding demodulator outputs with
single phase demodulation of a signal with unknown phase.
As shown 1 FIG. 4, as shown 1in the graph 402, in an
extreme case, the signal sampling and demodulation may
align with the signal and produce a consistent demodulator
output magnitude, as shown in graph 402a, consistent with
the case known phase. However, as shown 1n graph 406, in
another extreme case, the sampling may occur at signal zero
crossings (1.e., completely not aligned) to produce a zero
measurement at the demodulator output, as shown 1n graph
406a. In other cases, as shown 1n graph 404, the signal and
the sampling and demodulation may be misaligned and
cause a varying demodulator output magnitude, as shown 1n
graph 404q. Such varnation 1n magmtude 1s undesirable as 1t
leads to unreliable signal detection.

In one approach, magnitude vanation for single phase
demodulation can be mitigated by demodulating to a beat
frequency. However, that approach may require a longer
time to capture all phases of the beat frequency, more
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complicated frequency planning, higher ADS sampling fre-
quency, and more processing 1 digital ASIC and/or firm-
ware.

According to certain examples, simultaneous in-phase
quadrature (1/QQ) demodulation can be performed using two
demodulation waveforms with ninety degree oflset (e.g.,
orthogonal) 1n phase (e.g., corresponding to a quarter of the
period 1 time) from another, for example, to mitigate
magnitude variation in the case of signals with unknown
phase (e.g., active pen data reception and/or pen position
estimation). The demodulation results 1n an in-phase (I)
measurement component and a quadrature ((Q) measurement
component.

Unlike single phase demodulation, combining the I and Q@
components results 1 consistent magnitude (and phase)
measurement regardless of the phase of the incoming signal
and, therefore, regardless whether the phase of the incoming
signal 1s known as shown 1n FIG. 5. The incoming signal
magnitude gets distributed between two components regard-
less of the signal phase. As shown in FIG. 5, regardless of
phase of the alignment in the phase of the incoming signal
and the sampling, shown 1n graphs 502, 504, 506, the I and
QQ demodulator output measurements are always consistent
in magnitude, as shown in graphs 502a, 504a, 506a.

While I/Q demodulation provides benefits in terms of
magnitude variation mitigation, the I/() demodulation may
increase complexity since two demodulation waveforms and
two signal paths are used. FIG. 6 1s a block diagram
depicting an example signal path with simultaneous 1/()
demodulation, according to examples described herein. As
shown 1n FIG. 6, the signal 602 1s split by the signal splitting
and integration module 604 to output a signal 605. The
signal 602 may be a desired signal, such as an active data
pen signal, or an undesired signal, such as noise or inter-
terence. The signal 605 1s input to the demodulation blocks
606 and 608 and then demodulated by the two demodulation
wavelorms 607 and 609. The demodulation wavelorms 607
and 609 are ofiset by minety degrees. The demodulation
block 606 outputs an output waveform 611 which may
correspond to an in-phase component of the signal 603. The
demodulation block 608 outputs an output waveform 613
which may correspond to a quadrature component of the
signal 605. The output wavetorm 611 passes through the low
pass filter 610 and sample and hold circuit 612 to the ADC
614. Stmilarly, the output wavetorm 613 passes through the
low pass filter 616 and sample and hold circuit 618 to the
ADC 620. Thus, each component (I and Q) uses a separate
signal path and a pair of receivers for processing of a single
incoming signal 602. For full spatial resolution, the signal
from each sensor electrode may be fed to a pair of receivers,
thus, doubling the number of receivers. Active pen position
estimation 1s one example application where full spatial
resolution may be desired.

Example Touch Controller with Signal Combining for 1/Q)
Demodulation Using Two Orthogonal Wavetforms

According to certain examples, to keep the number of
receivers the same as for single phase demodulation, the
signal from two sensor electrodes can be combined and then
fed to a pair of recervers that perform I/QQ demodulation
using the two demodulation waveforms. For example, the
signal combining circuitry 206 can combine the signals from
two of the sensor electrodes 210 or 270, and the combined
signal can be divided into two demodulation wavetforms and
simultaneously demodulated by a pair of the AFE(s) 208
using 1/QQ demodulation.

FIG. 7 1s a flow diagram 1llustrating example operations
700 for capacitively coupled signal sensing (e.g., detection/
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measurement) using signal combining for simultaneous 1/Q)
demodulation using two orthogonal waveforms, according
to examples described herein. The operations 700 can be
performed by the processing system 110 described above to
determine signal magnitude information

The operations 700 begin at step 702, where the process-
ing system 110 acquires a first signal capacitively coupled
onto a {irst sensor electrode of the mput device. At step 704,
the processing system 110 acquires a second signal capaci-
tively coupled onto a second sensor electrode

At step 706, the processing system 110 combines the first
signal and the second signal to produce a combined signal.
According to certain examples, the processing system 110
may combine at least a third resulting signal from a third
sensor electrode with the first resulting signal and the second
resulting signal to produce the combined signal. According
to certain examples, the processing system 110 may dynami-
cally determine whether to use signal combining based on
the desired spatial resolution (e.g., partial or full spatial
resolution) and whether the phase 1s known. In aspects, for
active pen data reception, only partial resolution may be
desired, and the signaling combining may be used, while for
pen position estimation and/or touch sensing, full resolution
may be desired and signal combining may not be used.

At step 708, the processing system 110 demodulates (e.g.,
using two receiver circuits) the combined signal to deter-
mine a first component (e.g., an 1n-phase component) of the
combined signal and a second component (e.g., a quadrature
component) of the combined signal. According to certain
examples, the processing system 110 may dynamically
determine whether to use I/QQ demodulation or single wave-
form demodulation, for example, based on a desired spatial
resolution (e.g., full or partial) and/or whether the phase 1s
known or unknown. In aspects, for active pen data reception
and active pen position estimation, the phase may be
unknown, and the I/QQ demodulation may be used. For active
pen data reception, where partial spatial resolution may be
used, signaling combining and simultaneous 1/QQ demodula-
tion may be used. For pen position estimation, full spatial
resolution may be desired, thus, signal combining may not
be used and the number of receivers may be doubled or
time-serial I/QQ demodulation may be used as described in
more detail below.

At step 710, the processing system 110 combines the
in-phase and quadrature components to determine signal
magnitude information.

FIG. 8 1s a block diagram depicting an example signal
path with two sensor electrode signal combining and 1/Q
demodulation, according to examples described herein. As
shown 1 FIG. 8, a first signal 802 from a first sensor
clectrode (e.g., one of sensor electrodes 210 or 270) and a
second signal 804 from a second sensor electrode (e.g.,
another one of sensor electrodes 210 or 270) can be option-
ally combined at the signal blending and integration cir-
cuitry 806. According to certain examples, the signal blend-
ing may be before, after, or during charge integration. The
signal blending and integration circuitry 806 may include a
pair of charge-sharing charge integrators (CS-CI) 808 and
810.

Signal blending may be achieved by charge-sharing (e.g.,
shorting) the two charge integrators together. For example,
the switches 812, 814, and 816 can be used to achieve the
signal blending. Switch 812 may be located at the iput of
the charge integrators 808 and 810 and switch 816 may be
located at the output of the charge integrators 808 and 810.
Additionally, switch 814 within the two charge integrators
808 and 810 may also be shorted for the signal blending. For
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simultaneous I/QQ demodulation mode, the switches 812,
814, and 816 may be closed and the two charge integrators
808 and 810 may function, essentially, as a single charge
integrator and collect the total incoming charge from the two
iput pins (e.g., ifrom both signals 802 and 804). The output
of the charge-sharing charge integrators 808 and 810 may be
identical (e.g., due to output shorting), and may be propor-
tional to the total input charge collected over the two sensor
clectrodes (e.g., from the signals 802 and 804). The output
1s a combined signal 817.

The combined signal 817 may then be fed into demodu-
lation blocks 818 and 820. For simultaneous I/(Q demodu-
lation, the combined signal 817 1s demodulated at the
demodulation block 818 using a first demodulation wave-
form and the combined signal 817 1s demodulated at the
demodulation block 820 using a second demodulation wave-
form that 1s orthogonal to the first demodulation wavetform.
For example, the timing waveforms controlling demodula-
tion blocks 818 and 820 can be delayed by precisely
one-quarter of a sense cycle (1.e., ninety degree phase shiit).
The demodulation block 818 outputs an output wavetform
822 which may correspond to an in-phase component of the
combined signal 817. The demodulation block 828 outputs
an output waveform 824 which may correspond to a quadra-
ture component of the combined signal 817. The demodu-
lation waveforms 818 and 820 may then be processed by the
two receiver paths 826 and 828, similar to as described
above 1n FIG. 6 for I/Q demodulation. Thus, as shown by
FIG. 8, using the signal blending and integration and I1/Q)
demodulation, the same number (1.e., two) of receivers can
be used for processing signals from two sensor electrodes as
1s used for processing signals from two sensor electrodes
using single wavelorm demodulation.

As mentioned above, simultancous I/QQ demodulation
using two orthogonal wavelorms may be used in cases
where the signal phase 1s unknown. Signal combining can be
used to reduce the number of receiver paths in cases where
tull spatial resolution 1s not needed (e.g., active pen data
reception). In other cases (e.g., for pen position estimation or
touch position estimation), 1t may be desirable to perform
single phase demodulation without signal combining (e.g.,
to save power/reduce processing overhead when full spatial
resolution 1s needed or when the signal phase 1s known).
Thus, according to certain examples, the processing system
110 may dynamically switch between a simultaneous 1/Q}
demodulation mode and a single waveform demodulation
mode and between a signal combining mode and a mode
without signal combiming. The switches 812, 814, and 816
may be closed for the simultaneous 1/QQ demodulation mode
and may be leit open for the single waveform demodulation
mode (e.g., a legacy mode of operation). In the single
wavelorm demodulation mode both channels may be oper-
ated with 1dentical timing waveforms.

In one example, the mput device 100 could be operating,
using an active pen as the input object 140. When the pen 1s
transmitting data packets, the processing system 110 may
process signals from pairs of sensor electrodes 210 or 270
with half spatial resolution and use those signals to detect the
transmitted sequence. Thus, the switches 812, 814, and 816
may be closed for simultaneous I/QQ demodulation with
signal combining. When the pen position estimation 1s being
performed, the switches 812, 814, and 816 may be opened
and the processing system 110 may process signals using
single phase demodulation and time serial I/QQ demodulation
described below, for full spatial resolution.

According to certain examples, the signal processing
described above may be performed in the analog domain
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betore ADC. Alternatively, although not shown in the fig-
ures, the charge integrator output could be converted to the
digital domain using faster ADC, and I/QQ demodulation and
filtering can be implemented 1n the digital domain.

According to certain examples, although combining and
processing of two signals 1s desired above, in general,
signals from more than two sensor electrodes can be com-
bined thus reducing the number of receiver pairs needed for
processing.

Example Time Serial in-Phase Quadrature Demodulation
Using a Single Waveform

According to certain examples, time serial 1/QQ demodu-
lation of a single wavetform can be performed, for example,
when the phase of the resulting signal 1s unknown, to obtain
a consistent magnitude.

In some cases, a signal may persist for enough time to
perform two measurements. In this case, the magmtude
variation can be mitigated by precisely timing two measure-
ment bursts such that the periodic incoming signal phase 1s
oflset by 90 degrees between the two measurements. Com-
bining the results of two measurements results 1n consistent
magnitude measurement independent of the unknown signal
phase.

One of these applications 1s active pen position measure-
ment where carrier signal magnmitude (i.e., power) 1s mea-
sured on all sensor electrodes (1.e., for tull spatial resolution)
to determine the location of the pen. To achieve consistent
magnitude measurement independent of unknown signal
phase, two measurement bursts are configured (e.g., by the
sensor circuitry 204) and timed such that signal phase 1s
offset by 90° between the two measurements. This 1s
referred to as time-serial 1/QQ demodulation. For a periodic
signal of interest, this 1s equivalent to parallel 1/QQ demodu-
lation using two separate recerver chains.

FIG. 9 1s a timing diagram depicting example timing of
in-phase and quadrature measurement bursts for time serial
I/QQ demodulation, according to examples described herein.
As shown m FIG. 9, the signal 902 (e.g., an active pen
position signal) can be measured in a first measurement
burst 904 to determine the 1n-phase component and a second
measurement burst 906 to determine the quadrature compo-
nent, using a burst delay to generate 90° signal phase oflset
between the two measurement bursts.

Each burst consists of N_,, sense cycles and lasts for
I,=N_,/t,.sc seconds. The time between two measure-
ments (T ) may be chosen such that the incoming signal
phase at the beginning of the QQ burst 1s 90° oflset from the
incoming signal phase at the beginning of the I burst. For
example, the burst delay (T, ;) can be selected to achieve the
signal phase oflset. The burst delay may be selected using

the following equations:

T - Nﬂpb (Eq 1)
" fFE’HSE
. (ceiling(T;, fo — 0.25) + 0.25) (Eq. 2)
f fﬂ
Typr = (Tz — Tin) (Eq. 3)
where, N_,, 1s the number ot sense cycles per burst, £ 1s

the sensing frequency, and 1 . 1s the incoming signal (carrier)
frequency.
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The I and Q measurements can be combined to find the
signal magnitude, M, for example, by finding the square root
of the sum of squares according to:

(Mz\/}2+Q2) (Eq. 4)

This technique for time serial I/QQ demodulation can be
employed to estimate the magnitude of an incoming signal
with known frequency and unknown phase. While active
pen 1s one type of signal, this scheme can also be used to
detect narrowband noise at a known frequency, or other
incoming signals of as-of-yet unknown origins

As compared to the techniques described above for signal
combining and simultaneous I/(Q demodulation of two wave-
forms, the techniques for time serial 1I/QQ demodulation may
use twice the time, but may use only half the number of
receivers.

The embodiments and examples set forth herein were
presented 1 order to best explain the embodiments in
accordance with the present technology and its particular
application and to thereby enable those skilled 1n the art to
make and use the invention. However, those skilled 1n the art
will recogmize that the foregoing description and examples
have been presented for the purposes of illustration and
example only. The description as set forth 1s not intended to
be exhaustive or to limit the disclosure to the precise form
disclosed.

In view of the foregoing, the scope of the present disclo-
sure 1s determined by the claims that follow.

We claim:
1. A processing system for an mput device, comprising:
sensor circuitry configured to:

acquire a lirst signal via a first sensor electrode of the
input device; and

acquire a second signal via a second sensor electrode of
the mput device;

signal combining circuitry configured to:

accumulate charge from the first signal and the second
signal to produce a combined signal, wherein the
combined signal 1s based on a combination of the

charge accumulated from the first signal and the
charge accumulated from the second signal;
a first demodulator configured to determine an in-phase
component of the combined signal based on the com-
bined charge accumulated from the first and second
signals;
a second demodulator configured to determine a quadra-
ture component of the combined signal based on the
combined charge accumulated from the first and second
signals;
processing circuitry; and
memory storing instructions that, when executed by the
processing circuitry, cause the processing system to:
combine the in-phase component and the quadrature
component to determine signal magnitude informa-
tion; and

detect a presence of an input object based at least 1n part
on the signal magmtude information.

2. The processing system of claim 1, wherein the pro-

cessing module 1s configured to:

split the combined signal into a first iput signal and an
identical second input signal;

demodulate the first mput signal using a first demodula-
tion wavelform having a first frequency or phase; and

demodulate the second input signal using a second
demodulation waveform having a second frequency or
phase that 1s orthogonal to the first frequency or phase.
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3. The processing system of claim 1, wherein the sensor
circuitry 1s configured to:

split the combined signal into a first imnput signal and an
identical second input signal;

demodulate the first input signal using a first demodula-
tion waveform having a first carrier signal modulated
based on a first digital code; and

demodulate the second input signal using a second
demodulation wavetform having a second carrier signal
modulated based on a second digital code that 1s
orthogonal to the first digital code.

4. The processing system of claim 1, wherein the first
signal and the second signal comprise one of desired signals
from an mput object or noise.

5. The processing system of claim 1, wherein the pro-
cessing module comprises:

a first receiver circuit configured to determine the 1in-

phase component of the combined signal; and

a second receiver circuit configured to determine the
quadrature component of the combined signal.

6. The processing system of claim 1, further comprising

a determination module configured to:
determine to perform signal combining based on whether
partial or full spatial resolution 1s desired and based on
whether signal phase 1s known or unknown; and
determine to perform single waveform demodulation,
simultaneous in-phase quadrature (I/QQ) demodulation,
or time serial I/Q demodulation, based on whether
partial or full spatial resolution 1s desired and based on
whether the signal phase 1s known or unknown.
7. The processing system of claim 1, wherein:
the sensor circuitry 1s further configured to acquire at least
a third signal on a third sensor electrode; and
the signal combining circuitry 1s further configured to
combine the third signal with the first signal and the
second signal to produce the combined signal.
8. An mput device, comprising;
an input surface;
a {irst sensor electrode configured to acquire a first signal
via the input surface;
a second sensor electrode configured to acquire a second
signal via the mput surface;
a plurality of charge integrators configured to accumulate
charge from the first signal and the second signal to
produce a combined signal, wherein the combined
signal 1s based on a combination of the charge accu-
mulated from the first signal and the charge accumu-
lated from the second signal;
a first demodulator configured to determine an 1n-phase
component ol the combined signal based on the com-
bined charge accumulated from the first and second
signals;
a second demodulator configured to determine a quadra-
ture component of the combined signal based on the
combined charge accumulated from the first and second
signals; and
a processing system coupled to the first demodulator and
the second demodulator, the processing system config-
ured to:
combine the mn-phase component and the quadrature
component to determine signal magnitude informa-
tion; and

detect a presence of an input object based at least 1n part
on the signal magmtude mformation.

9. The 1nput device of claim 8, wherein the processing
system 1s configured to:
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split the combined signal into a first input signal and an
identical second input signal;

demodulate the first mput signal using a first demodula-
tion wavelorm having a first frequency or phase; and

demodulate the second nput signal using a second
demodulation waveform having a second frequency or
phase that 1s orthogonal to the first frequency or phase.

10. The mput device of claim 8, wherein the first signal

and the second signal comprise desired signals from an 1input
object or noise.

11. The input device of claim 8, wherein the processing

system comprises:

a first receiver circuit configured to determine the in-
phase component of the combined signal; and
a second receiver circuit configured to determine the

quadrature component of the combined signal.
12. The mput device of claim 8, wherein the processing

system 1s further configured to:

determine to perform signal combining based on whether
partial or full spatial resolution 1s desired and based on
whether signal phase 1s known or unknown; and

determine to perform single wavelform demodulation,
simultaneous mm-phase quadrature (I/QQ) demodulation,
or time serial I/QQ demodulation, based on whether
partial or full spatial resolution 1s desired and based on
whether the signal phase 1s known or unknown.

13. A method of operating an imnput device, comprising:

acquiring a first signal via a first sensor electrode of the
iput device;

acquiring a second signal via a second sensor electrode of
the 1mput device;

accumulating charge from the first signal and the second
signal to produce a combined signal, wherein the
combined signal 1s based on a combination of the
charge accumulated from the first signal and the charge
accumulated from the second signal;

demodulating the combined signal, via a first demodula-
tor, to determine an in-phase component of the com-
bined signal based on the combined charge accumu-
lated from the first and second signals;

demodulating the combined signal, via a second demodu-
lator, to determine a quadrature component of the
combined signal based on the combined charge accu-
mulated from the first and second signals;

combining the 1n-phase component and the
quadrature component to determine signal magnitude
information; and
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detecting a presence of an input object based at least 1n
part on the signal magnitude information.

14. The method of claim 13, further comprising:

splitting the combined signal into a first input signal and
an 1dentical second 1nput signal;

demodulating the first mnput signal using a first demodu-
lation waveform having a first frequency or phase; and

demodulating the second input signal using a second
demodulation waveform having a second frequency or
phase that 1s orthogonal to the first frequency or phase.

15. The method of claim 13, further comprising:

splitting the combined signal into a first input signal and
an 1dentical second input signal;

demodulating the first mput signal using a first demodu-
lation wavetform having a first carrier signal modulated
based on a first digital code; and

demodulating the second input signal using a second
demodulation waveform having a second carrier signal
modulated based on a second digital code that 1s
orthogonal to the first digital code.

16. The method of claim 13, wherein the first signal and

the second signal comprise desired signals from an input
object or noise.

17. The method of claim 13, wherein

demodulating the combined signal, via the first demodu-
lator, comprises using a first receiver circuit to deter-
mine the m-phase component of the combined signal;
and wherein

demodulating the combined signal, via the second
demodulator, comprises using a second receiver circuit
to determine the quadrature component of the com-
bined signal.

18. The method of claim 13, further comprising:

determining to perform signal combining based on
whether partial or full spatial resolution 1s desired and
based on whether signal phase 1s known or unknown;
and

determining to perform single wavetform demodulation,
simultaneous mn-phase quadrature (1/Q)) demodulation,
or time-serial 1/QQ demodulation, based on whether
partial or full spatial resolution 1s desired and based on
whether the signal phase 1s known or unknown.

19. The method of claim 13, further comprising:

acquiring at least a third signal on a third sensor electrode;
and

combining the third signal with the first signal and the
second signal to produce the combined signal.
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